Immunity is hypothesized to share limited resources with other physiological functions and 2 this may partly account for the fitness costs of reproduction. Previous studies have shown that 3 the acquired immunity of female common eider ducks (Somateria mollissima) is suppressed 4 during their incubation during which they entirely fast. Corticosterone was proposed to be an 5 underlying physiological mechanism for such immunosuppression. Therefore, the current 6 study aimed to assess the effects of exogenous corticosterone on acquired immunity in captive 7 eiders. To this end, females were implanted with corticosterone pellets at different stages of 8 their incubation fast. We measured total immunoglobulin levels, T-cell-mediated immune 9 response, body mass and corticosterone levels in these females and compared them with those 10 of control females prior to and after manipulation (i.e. corticosterone pellet implantation). To 11 mimic corticosterone effects on body mass, we experimentally extended fasting duration in a 12 group of females termed 'late fasters'. Implanted females had corticosterone levels 6 times 13 higher and lost 35 % more mass than control females. Corticosterone levels in 'late fasters' 14 were similar to those in control females but body mass was 8 % lower in the former. The 15 decrease in the immunoglobulin levels of corticosterone implanted females was twice as high 16 as in control females, while the T-cell-mediated immune response was not significantly 17 affected by the treatment. We found a decrease in the T-cell-mediated immune response only 18 in 'late fasters' (by 60 %), while the immunoglobulin level was not lower in this group than in 19 corticosterone implanted or control females. Our study shows that in incubating eiders, 20 exogenous corticosterone decreased only humoral immunity. We suggest that the 21 immunosuppressive effect of corticosterone could be mediated through its effects on body 22 reserves. Further experiments are required to determine the relationship between body 23 condition and immune system in fasting birds. 24
INTRODUCTION 1 2
Life-history theory assumes that a major trade-off occurs between reproduction and survival, 3 so that the costs associated with a given reproductive effort might have a deleterious impact 4 on adult survival and future reproduction (Williams, 1966; Stearns, 1992) . This concept is 5 based on physiological trade-offs between resource-demanding activities within an individual. 6
Recently, the costs of immune defenses have been emphasized (Gustafsson et al., 1994; 7 Sheldon and Verhulst, 1996; Råberg et al., 1998) . Namely, parental effort may induce 8 immunosuppression in birds (Moreno et al. 1999) . Acquired immunity can be classified into 9 humoral immunity (mediated by B-lymphocytes) and cell-mediated immunity (mediated by 10 T-lymphocytes) (Roitt et al., 1998) . Deerenberg et al. (1997) showed in captive zebra finches 11 (Taeniopygia guttata) that their humoral immunity was progressively reduced when the 12 reproductive effort is increased. Similarly, when raising experimentally enlarged broods, 13 female pied flycatchers (Ficedula hypoleuca) exhibited reduced T-cell-mediated responses 14 (Moreno et al., 1999) . Previous studies have shown that the acquired immunity of female 15 common eiders (Somateria mollissima) is suppressed during the incubation fast (Hanssen et 16 al., 2004; Bourgeon et al., 2006) , while its experimental activation has strong negative effects 17 T-cell-mediated immune response: PHA skin test 1 For this test we challenged one wing-web with the mitogenic phytohemagglutinin (PHA), 2 while the other wing-web (control) was injected with phosphate buffered saline (PBS). 3
Briefly, 100 l of 5 mg.ml -1 PHA (Sigma L 8754) in PBS were injected intradermally into the 4 right wing-web, while the left wing-web was injected with an equal volume of PBS. This 5 procedure was shown to induce little physiological stress in birds (Merino et al., 1999) . 6
Injection sites on the wing-web were measured with a micrometer calliper (three readings) 7 just before and 24 h after injection with PHA or PBS. The T-cell-mediated immune response 8 was taken as the difference between the two wing-web swellings. 9
10
Immunoglobulin levels: ELISA test 11 A sensitive ELISA method was used to determine the amount of serum immunoglobulins in 12 eider duck blood. This method using commercial anti-chicken antibodies has so far been 13 validated in six wild avian species (Martinez et al., 2003) . Despite the fact that Anseriforms 14 have an additional immunoglobulin isotype (IgY), which is not found in other birds (Parham, 15 1995), we assumed linear cross-reactivity. Accordingly, the values obtained were used as 16 relative immunoglobulin levels. 17
To determine the linear range of the sigmoid curve, ELISA plates were coated with serial 18 dilutions of serum (100 µl) in carbonate-bicarbonate buffer (0.1 M, pH = 9.6) and incubated 19 overnight at 4°C. We selected the data obtained from trials using the serum dilution nearest to 20 the centre of its linear range. ELISA plates were then coated with 100 l of diluted serum 21 samples from female eiders (two samples per female diluted to 1/32000 in carbonate-22 bicarbonate buffer) and incubated for 1 h at 37°C. After a second incubation overnight at 4°C, 23 the plates were washed with a solution (200 l) of phosphate buffer saline and Tween (PBSincubation for 1 h at 37°C, the plates were washed with PBS-Tween buffer. 100 µl of anti-1 chicken conjugate (Sigma A 9046) was added at 1:250 and the plates were incubated for 2 h 2 at 37°C. After three washes, the plates were filled with 100 l of a solution consisting of 2,2'-3 azino-bis-(3-ethylbenzthiazoline-6-sulphonic acid (ABTS) and concentrated hydrogen 4 peroxide diluted to 1:1000. Following incubation for 1 h at 37°C, absorbance was measured at 5 405 nm using a plate spectrophotometer (Awareness Technology, Inc., Palm City, FL 34991, 6 USA). 7 8 Assessment of the corticosterone levels 9
Corticosterone concentrations were determined by radioimmunoassay (RIA) in our laboratory 10 using an 125 I RIA double antibody kit from ICN Biomedicals (Costa Mesa, CA, USA). The 11 corticosterone RIA had an intra-assay variability of 7.1 % (N=10 duplicates) and an inter-12 assay variability of 6.5 % (N=15 duplicates birds during early incubation were negatively related to body mass only after the implantation 2 (Table 3) , when high corticosterone levels were associated with low body mass values. 3
However, there was no significant relationship between these parameters in birds near the end 4 of their incubation period, neither before nor after implantation (Table 4) . Finally, body mass 5 of 'late fasters' was not significantly different from that of implanted females but was 6 significantly lower than in control females sampled at the end of their incubation (8 %; Table  7 2) (repeated measures one-way ANOVA: effects of repetition: were similar to that of control females, independent of the incubation stage. However, the 15 immune response in 'late fasters' was significantly reduced when compared with implanted 16 and control females at the end of their incubation (53 % and 63 %, respectively) (one-way 17 ANOVA: effects of treatment: F 2,18 =9.39, P=0.002; Fig. 1 ). There was no relationship 18 between the T-cell-mediated immune response and plasma corticosterone levels at any stage 19 (Tables 3 and 4 ). However, there was a positive significant relationship between the T-cell-20 mediated immune response and body mass but only during early incubation (Tables 3 and 4) , 21 so that the immune response was stronger in heavier females. 22
After four days, the immunoglobulin level in implanted females was significantly 23 decreased by 45 and 33 %, when sampled during early and late incubation, respectively. The 24 corresponding decline in immunoglobulin level of control females was only 25 % and 25 %(repeated measures two-way ANOVA: effects of repetition: F 1,32 =105.10, P<0.0001; effects 1 of treatment: F 1,32 =7.34, P=0.01; effects of incubation stage: F 1,32 =7.14, P=0.01; interaction: 2 F 1,32 =2.77, P=0.11; Fig. 2 ), indicating that corticosterone pellet implantation had a negative 3 effect on the female immunoglobulin level. This effect was stronger when implantation 4 occurred during early incubation rather than during late incubation. The immunoglobulin 5 level in 'late fasters' was not significantly different from that of implanted or control females 6 sampled near the end of their incubation (repeated measures one-way ANOVA: effects of 7 repetition: F 1,18 =78.15, P<0.0001; effects of treatment: F 2,18 =0.74, P=0.49; Fig. 2 ). We found 8 no relationship between the immunoglobulin and plasma corticosterone levels, neither before 9 nor after the treatment during early incubation. The same held true for the period after 10 implantation, when birds were near the end of incubation. By contrast, both parameters were 11 negatively related before implantation of ducks that were near the end of the incubation 12 period. High corticosterone levels were then associated with a low immunoglobulin level 13 (Table 4 ; Fig. 3 ). Furthermore, there was no relationship between the immunoglobulin level 14 and body mass, neither before nor after the treatment at any stage of incubation (Tables 3 and  15 4). Finally, we did not find a relationship between both components of the acquired immunity 16 after hormone implantation at any stage of the eider duck incubation period (Tables 3 and 4) . 17
Hence, the immunoglobulin level was independent of the T-cell-mediated immune response. It has previously been shown that the acquired immunity is significantly decreased during the 22 incubation fast of female common eiders (Hanssen et al., 2004; Bourgeon et al., 2006) . 23
Among other potential scenarios, reduced immunocompetence during reproduction has been (Deerenberg et al., 1997; Råberg et al., 1998) . Hence, the main objective of the current study 1 was to investigate the potential physiological mechanisms underlying such 2 immunosuppression. We therefore assessed the effects of exogenous corticosterone on both 3 components of the acquired immune system in female eiders during different stages of their 4 incubation fast. In addition, a group of females whose fasting duration was experimentally 5 extended was used to discriminate the effects of increased body mass loss on the acquired 6 immunity from those of elevated corticosterone levels. 7
Experimentally increased plasma corticosterone levels only affected one of the two 8 components of the acquired immunity. The immunoglobulin level in implanted females was 9 significantly decreased when compared with that of control females. This response was 10 strongest when birds were implanted at the beginning of their incubation fast. However, the 11 T-cell-mediated immune response was not significantly affected by the treatment. 12
Paradoxically, there was no significant relationship between plasma corticosterone and 13 immunoglobulin levels after the implantation at any incubation stage. By contrast, before the 14 treatment in ducks that were near the end of their incubation, high corticosterone levels 15 seemed to be associated with a low immunoglobulin level. other (Norris and Evans, 2000) . In fact, in the present study, the immunoglobulin level 21 seemed to be more sensitive to corticosterone treatment than the T-cell-mediated immune 22 response. In control females, the immunoglobulin level significantly decreased throughout 23 incubation, while the T-cell-mediated immune response did not vary significantly. This would 24 seem to contrast with the finding of a previous investigation (Bourgeon et al., 2006) supporting that both components significantly decrease throughout the incubation fast of eider 1 ducks. This apparent discrepancy could hold in the fact that smaller sample sizes have been 2 used, what is reinforced by high variances observed in this immune response. Moreover, we 3 can not exclude the possibility that effects of corticosterone on the T-cell-mediated immune 4 response might require more time (see Dhabhar and Mc Ewen, 1997) and/or higher 5 corticosterone concentrations. In the current study, a significant decrease in the T-cell-6 mediated immune response was only observed in 'late fasters', while their immunoglobulin 7 level was not lower than that of corticosterone implanted or control females. Implanted 8 females significantly lost more weight than control females, which is consistent with the 9 observation by Cherel et al. (1988) that high levels of corticosterone increase proteolysis in 10 fasting birds. In a preliminary study on captive female eiders, high doses of exogenous 11 corticosterone, administered for a few days, induced a rise in plasma levels of uric acid, 12 indicating protein breakdown (Criscuolo et al., 2005) . Corticosterone levels of 'late fasters' in 13 the current study were similar to that of control females but body mass was 8 % lower in the 14 former. Hence, the T-cell-mediated immune response appears to be more sensitive to body 15 mass loss than to elevated levels of corticosterone, supporting the view of an indirect effect of 16 corticosterone on this immune parameter. Accordingly, in the present study we found a 17 positive relationship between body mass and T-cell-mediated immune response, where the 18 response was stronger in females with a greater body mass. By contrast, the immunoglobulin 19 level appears to be more sensitive to high corticosterone levels than to body mass loss. 20
Nevertheless, corticosterone levels and body mass were negatively related in the current 21 study, so that high levels of corticosterone were associated with low body mass. Our resultsagree with previous findings from breeding black-legged kittiwakes (Rissa tridactyla), where 23 high corticosterone levels were associated with a marked decline in body condition (Kitaysky 24 et al., 1999) . In this context, it would be interesting for future studies 1) to experimentallyextend the fasting duration of eiders until they reach phase III of fasting or 2) to find free-1 ranging birds which spontaneously shift from lipid to protein utilization, so that the effects of 2 both elevated corticosterone levels and decreased body mass on the acquired immunity can be 3 examined. 4
The present study showed that an increasing body mass loss, caused either by 5 corticosterone administration, or by an experimental extension of fasting duration, negatively 6 affected the birds' immunoglobulin level and their T-cell-mediated immune response, 7
respectively. This result lends support to the resource-limitation hypothesis which predicts 8 that investment in costly behaviours, such as reproduction, reduces the amount of resources 9 available to other systems, such as the immune system (Sheldon and Verhulst, 1996; Råberg 10 et al., 1998). However, evidence for an energetically costly immune response is still equivocal 11 (Råberg et al., 1998; Eraud et al., 2005; Verhulst et al., 2005) . Whatever the ultimate factors 12 explaining immunosuppression during reproduction, corticosterone was proposed to regulate 13 immunosuppression in incubating birds (Deerenberg et al., 1997; Råberg et al., 1998; Saino et 14 al., 2003) . However, during fasting corticosterone should be maintained at low levels to avoid 15 metabolism disorders, such as protein catabolism (Cherel et al., 1988 ). In the current study we 16 did not find marked variations in corticosterone levels during the incubation period of control 17 and 'late fasting' females. However, 'late fasters' had a lower T-cell-mediated immune 18 responses than corticosterone implanted or control females. This would support the view that 19 fasting duration and/or body composition (see below) might be relevant parameters for 20
immunosuppression. 21
Other aspects of immunosuppression, namely humoral immunity, could be mediated 22 by factors related to fuel utilization or body mass loss. Such a relationship between energy 23 storage/mobilization and immunocompetence might plausibly be mediated through nutritionallikely to increase proteolysis. Consequently, lean body mass will be decreased, while the 1 energy stored as lipids within the body will be spared. Hence, for the same final body mass, 2 adiposity of 'late fasters' should be lower than for corticosterone implanted females as 3 reported to be the case in dark-eyed juncos (Junco hyemalis) treated with corticosterone (Gray 4 et al., 1990) . Currently, adipose tissue is perceived as an active participant in the regulation of 5 essential and prominent body processes such as immune homeostasis (Matarese and La Cava, 6 2004 ). This raises the question of how body reserves might control the immune system 7 (Demas and Sakaria, 2005). Some adipose humoral signals, such as leptin, are generated in 8 proportion to fat stores and act on feedback control systems to influence numerous biological 9
processes (Lõhmus and Sundtröm, 2004; Matarese et al., 2005) . In fact, leptin is secreted 10 primarily by adipose tissue and has been shown to enhance a variety of immunological 11 parameters in mammals (Lord et al., 1998; Faggioni et al., 2001; Demas et al., 2003) and 12 birds (Lõhmus et al., 2004) . Consequently, leptin levels might be lower in 'late fasters' when 13 compared with corticosterone implanted eiders. To gain further insight into the role that leptin 14 plays for the immune system of fasting birds, plasma measurements of leptin and 15 manipulation of its circulating concentrations would be useful. 16
In conclusion, exogenous corticosterone decreased only one component of the 17 acquired immune system in incubating female eider ducks. While the treatment significantly 18 decreased their immunoglobulin level, their T-cell-mediated immune response was not 19 affected. Implanted females lost significantly more weight than control birds. Females, whose 20 fasting duration was experimentally extended, increasing body mass loss, displayed lower T-21 cell-mediated immune responses than implanted females, while their corticosterone levels 22 remained at baseline values. Consequently, the immunosuppressive effect of corticosterone 23 appears to be mediated by its effect on body reserves, which have been shown to play aninformation on energy availability, could be involved in the observed immunosuppression. 1
Further experiments are required to determine the relationship between body condition and 2 immune function in incubating female eiders. Our results raise the question of the 3 physiological mechanisms which can explain the effects of corticosterone on the immune 4 response. Furthermore, could it be that depending on its concentration, this hormone is able to 5 trigger different responses, as has already been reported in the context of foraging behaviour 6 (Wingfield et al., 1998) . 
